Hollow nitrogen-doped carbon spheres as efficient and durable electrocatalysts for oxygen reduction † Jakkid Sanetuntikul, a Tao Hang* b and Sangaraju Shanmugam* a Hollow nitrogen-doped carbon spheres (HNCSs) were prepared by a facile method as non-precious catalysts for the oxygen reduction reaction (ORR). The HNCS catalysts exhibited ORR activity comparable with a commercial Pt/C catalyst and superior stability in alkaline electrolyte medium.
Proton exchange membrane fuel cells (PEMFCs) have been extensively studied over the last two decades and are still receiving tremendous interest as a promising power source for zero-emission electric vehicles due to their high-energy conversion efficiencies and a low level of air pollution. 1 Electrocatalysts play an important role in driving the fuel cell reactions. Generally Pt nanoparticles dispersed on high surface area carbon supports (Pt/C) and Pt-alloys with transition metals are used as major catalysts for fuel cells. Still, Pt/C is the most effective catalyst for the ORR. However, these catalysts impose a number of disadvantages such as high cost and a limited supply of Pt, which are the most technical limitations for the successful commercialization of fuel cell technology. Moreover, the poor ORR activity of Pt/C is also one of the major critical challenges for energy conversion efficiency of PEMFCs. 2, 3 Meanwhile, many new types of Pt-based catalysts have been synthesized and explored as alternative catalysts to Pt/C and to reduce the Pt content. The design of high-performance cathode catalysts is essential to reduce the catalyst cost and improve the ORR activity and durability. Thus, the fabrication of highly active and durable non-precious catalysts is definitely preferable and has turned into a great challenge for today's fuel cell research community. 4, 5 Recently, nitrogen-doped carbon materials have received tremendous importance as non-precious electrodes, as the incorporation of nitrogen into carbon frameworks can create active sites for oxygen adsorption and reduction. Various nitrogen-doped carbon materials, including carbon nanotubes (CNTs), 6, 7 S2-S4 , ESI †). The as-synthesized products were stirred in concentrated HCl for 24 h at room temperature to remove the oxide core, and the carbons derived from Fe 3 O 4 @C and Fe@C were denoted as HNCS71 and HNCS91, respectively (Scheme 1). The acid treated products were washed with copious water till the pH of aliquots became neutral, and then dried overnight in a vacuum oven. Fig. 1a and b show the SEM images of HNCS71 and HNCS91 and reveal that after acid treatment, the products show a hollow sphere structure of carbon. The hollow sphere diameter is about 800 nm with a wall thickness of 100 nm and these spheres are free from oxide and metal cores, clearly evidenced by high-resolution TEM images ( Fig. 1c and d) . The X-ray diffraction patterns of HNCS71 and HNCS91 catalysts are shown in Fig. 2a . The HNCS91 catalyst showed a strong and sharp peak at 27.11 (2y) indicating the formation of a highly ordered carbon structure, which is due to the higher temperature pyrolysis (900 1C), whereas HNCS71 showed broad diffraction peaks at 24.91 and 43.11 (2y) which correspond to the graphitic (002) and (101) hexagonal carbon structures, respectively.
14 XRD results further confirm that the oxide and metal cores were removed from the products but a small amount of iron was still present in carbon, which was clearly observed by STEM mapping analysis (Fig. S5 , ESI †). . These values suggest that the HNCS91 sample exhibits a more ordered graphitic carbon structure than HNCS71, which is due to the higher temperature during the synthesis of the precursor and is in good agreement with XRD results. The Brunauer-Emmett-Teller (BET) surface areas of the HNCS71 and HNCS91 samples were found to be 11.82 and 10.79 m 2 g À1 , respectively. These results indicate that different pyrolysis temperatures have no effect on surface areas (Fig. S6, ESI †) . The XPS survey spectra of the hollow carbon spheres revealed the presence of C, O, and N (Fig. S7, ESI †) . The surface nitrogen content values of HNCS71 and HNCS91 samples measured by XPS were found to be 10.4 and 4.12 at%, respectively (Table S2 , ESI †). The XPS high-resolution N1s spectra were deconvoluted into four peaks with binding energy (BE) values of 397.9, 399.4, 400.7, and B402 eV for HNCS71 and HNCS91 which can be assigned to the pyridinic-type, 12, 16 benzenoid amine (-NH-) 17 or pyrrolic-type, 6 ,18 graphitic-type and oxidized-type 12, 18, 19 of nitrogen compounds, respectively ( Fig. 2c and d) . The HNCS71 catalyst showed a higher pyridinic-type nitrogen content (26.51%) than the HNCS91 (15.71%) catalyst. The pyridinic-nitrogen has an extra electron lone pair, which affects the conjugation of the nitrogen lone pair electrons on the nitrogen and hexagonal carbon p-system, and thus creates active sites for the ORR. 6, 12, 18, 20 Furthermore, by the quantitative analyses of HNCS samples the ratio of doped-N to C (N/C ratio) of HNCS71 and HNCS91 was found to be 0.13% and 0.05%, respectively. The N/C ratio observed in XPS is in good agreement with the results obtained by the element analysis (Tables S2 and S3 , ESI †). The electrocatalytic oxygen reduction of hollow nitrogendoped carbon spheres was studied by rotating disc electrode (RDE) experiments. A set of ORR polarization curves recorded from 400 to 2500 rpm in 0.1 M KOH solution at a scan rate 10 mV s À1 are displayed in Fig. 3a . The results were compared with the ones obtained using the Pt/C catalyst (10% Pt/C, Johnson Matthew). The oxygen reduction onset potentials of HNCS71, HNCS91 and Pt/C catalysts were found to be 0.97, 0.88 and 1.02 V, respectively and the half-wave (E 1/2 ) potentials were found to be 0.82, 0.69 and 0.85 for HNCS71, HNCS91 and Pt/C, respectively. The E 1/2 of HNCS71 is 30 mV lower than that of the Pt/C catalyst and 130 mV higher than that of the HNCS91 catalyst (Fig. 3c) . In addition, the HNCS71 catalyst showed a good diffusion-limited current suggesting better oxygen reduction activity. A well-defined diffusion-limited current density region of 0.3-0.7 V vs. RHE in RDE at different rotating speeds was used to calculate the number of electrons transferred during the ORR. For comparison, the ORR activity of various carbons was carried out and results are listed in Table S1 (ESI †). The HNCS71 catalyst showed a 
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higher half-wave potential compared with nitrogen-doped graphene and nitrogen-doped carbon nanotubes, suggesting that the HNCS71 electrode can be a potential catalyst for the ORR in aq. 0.1 M KOH solution (Fig. 3c) . The Koutecky-Levich (K-L) plots shown in Fig. 3b are derived from Fig. 3a and these plots show a good linearity and parallelism over the entire potential range, which indicates that the electron transfer number for the ORR was same even at high potentials. 16 The electron transfer number (n) of HNCS71 and HNCS91 evaluated at 0.5 V vs. RHE was found to be 3.9 and 2.96, respectively, suggesting that the HNCS71 electrocatalyst exhibits a dominant four-electron oxygen reduction process. According to these results, HNCS71 exhibits a higher ORR activity than HNCS91, which can be attributed to the higher content of active sites. Especially, the HNCS71 catalyst exhibits more pyridinic-type nitrogen, which is bonded to two carbon atoms in the carbon plane with a lone pair of electrons associated with the formation of Fe-N x active sites in the carbon framework, and enhance the ORR activity. 13, 20 It is also consistent with the N/C ratio obtained from the element analysis and XPS results (Tables S2 and S3 , ESI †) reveal that the HNCS71 catalyst exhibits a higher total doped-nitrogen content in the carbon network (N/C ratio), which plays an important role in improving the ORR onset and the E 1/2 potential. Dodelet and co-workers proposed metal cations coordinated by pyridinicnitrogen atoms at defects of carbon as active ORR sites. 13, 20 To further confirm the ORR results obtained from the RDE, we carried out the rotating-ring disk electrode (RRDE) measurements to evaluate the formation of peroxide species (HO 2 À ) during the ORR process. From the ring and disk currents recorded at 1600 rpm in 0.1 M KOH with O 2 -saturated over HNCS71, HNCS91 and Pt/C catalysts as shown in Fig. S8 , ESI, † it can be seen that the ring and disk currents of HNCS71 are almost comparable with the currents observed for a commercial Pt/C catalyst. The percentage of HO 2 À and the number of electrons transferred (n) derived from RRDE experiments are presented in Fig. 3d . The percentage of peroxide (HO 2 À ) formation for the HNCS71 catalyst was below 6% over a potential range of 0.3-0.9 V, whereas the HNCS91 catalyst produced a large amount of peroxide (20-35%) over the potential range of 0.3-0.8 V. The electron transfer number was found to be 3.9 for HNCS71 and about 2.8-3.3 for HNCS91, which is in good agreement with the electron transfer number observed from RDE experiments and it clearly illustrated that the HNCS71 catalyst can efficiently reduce oxygen via a 4-electron reduction pathway in alkaline medium. The electrochemical stability of the non-precious catalyst was evaluated by performing repeated potentiodynamic cycling durability tests for 5000 cycles in O 2 -saturated 0.1 M KOH solution with a potential window of 0.6-1.0 V and at a scan rate of 50 mV s À1 . It was found that, after 5000 cycles, a 7 mV negative shift of E 1/2 was observed for HNCS71, whereas a 50 mV negative shift was observed for the Pt/C catalyst (Fig. 4) . Furthermore, no change in the current density of HNCS71 upon cycling indicated that surface properties were maintained during potential cycling tests. 18, 21, 22 On the basis of these studies, the HNCS71 catalyst showed better electrochemical stability than the Pt/C catalyst. In summary, we have successfully fabricated a new kind of non-precious catalyst, a hollow nitrogen-doped carbon sphere as a cathode catalyst through a simple and scalable approach. The HNCS71 catalyst exhibited ORR activity comparable with that of a commercial Pt/C catalyst and better stability in an alkaline medium. These results demonstrate that the type of nitrogen doping and tuning the nitrogen content in the carbon framework could be a potential choice for the development of low-cost, highly active ORR catalysts for fuel cell applications.
This work was financially supported by the DGIST R&D Program of the Ministry of Education, Science and Technology of Korea (14-BD-01). ).
